This study was conducted to compare the effects of DL-2-hydroxy-4-[methylthio] butanoic acid (HMB) and DLmethionine (DLM) on egg production performance and egg quality of laying hens. Two hundred and eighty-eight commercial laying hens were assigned to 3 dietary treatment groups and fed the experimental diets from 34 to 46 weeks of age. The bioefficacy of HMB relative to DL-methionine (DLM) was set at 88% (weight/weight), therefore 0.115% of HMB and 0.101% of DLM were added to a basal diet. DLM and HMB supplementation increased body weight, feed intake, hen-day egg production, egg weight, FCR and egg mass (P＜0.01). These supplementations also increased yolk and albumen weight (g/egg) (P＜0.01), while DLM slightly decreased albumen weight (% of egg). Consequently, Haugh unit was poor by DLM supplementation but did not by HMB supplementation (P＜0.05). DLM supplementation significantly increased fat content in egg (g/egg and % of egg), though level of estradiol in blood was elevated by HMB supplementation. In conclusion, HMB supplementation (as 88% bioefficacy of DLM) can be used as an effective methionine source. However, mechanism of protein and fat synthesis and/or degradation of laying hens may be differed when different form of methionine is supplied.
Introduction
Methionine is generally considered as the first-limiting amino acid in poultry diet. Amino acid balance is improved by methionine supplementation, consequently promote better production performance. However, the requirement of the amino acid is depended on number of factors, such as stage of production, environmental conditions (mainly temperature and humidity), health status, housing system, and etc. NRC (1994) reported methionine and total sulfur amino acids (TSAA) requirement for the brown egg type of laying hens was 330 and 645 mg/h/d, respectively. However, Cao et al. (1992) ; Schutte et al. (1994) ; Novak et al. (2004) ; Bunchasak and Silapasorn (2005) and Sá et al. (2007) reported that the requirement of methionine and TSAA were around 424 to 440 and 740 to 825 mg per hen daily, respectively. In order to achieve maximum egg production, thus commercial laying hens seem to require higher methionine or TSAA than the NRC (1994) recommendation.
In commercial, two methionine sources, powder form (DL-methionine 99%; DLM) and liquid form butanoic acid 88%; HMB) is supplemented. There are still on going discussions about the relative bioefficacy of DLM and HMB in laying hen. For example, lower bioefficacy of HMB relative to DLM was reported to be 67% (daily egg mass) and 69% (feed conversion ratio) (Danner and Bessei, 2002) . In contrast, Liu et al. (2004a) showed that the bioefficacy of HMB relative to DLM on a molar basis was 88.7% (egg production), 88.0% (egg mass), and 84. 6% (egg weight) with the exponential model, and was 89.7% (egg production), 89.6% (egg mass), and 86.8% (egg weight) with the slope-ratio model. However, several researchers reported that there was no difference in bioefficacy between DLM and HMB (Reid et al., 1982; Harms and Russell, 1994; Wideman et al., 1994) . In broiler chickens, moreover, we have concluded that as long as TSAA requirement is set at the commercial or maximal requirement, bioefficacy of HMB relative to DLM on a weight basis seems to be 88% Bunchasak, 2009) .
In laying hens, both DLM and HMB supplementations clearly enhance production performance (egg production, egg weight, egg mass and FCR) via the process of improving amino acids balance and protein synthesis. Meanwhile, the effects of different form of this amino acid on egg quality (external egg quality such as eggshell and egg shape, and internal egg quality such as egg composition and Haugh unit) are still uncertain. Since methionine supplementation is involved in protein and fat synthesis, and two methionine sources seem to have different effect on fat metabolism of broiler chicks (Esteve-Garcia and Liaurado, 1997; Bunchasak and Keawarun, 2006) , internal chemical egg composition (water, fat and protein) may be also affected by methionine supplementation.
Therefore, this study aimed to evaluate the effect of methionine sources supplementation on egg production performance, internal and external egg quality.
Materials and methods

Animal and Managements
The study was completely randomized design. Two hundred and eighty-eight commercial laying hens (Isa-brown) were used. The hens were divided into 3 groups; each group consisted with 6 replications of sixteen layers each. Hens were kept in individual cage located in evaporative cooling house system. Cage dimension was 20×40×36 cm equaling 800 cm 2 total floor space. The lighting period was provided for 16 hours from 05:00 to 21:00 daily. Water and feed in mash form were supplied ad libitum throughout the experimental period.
All experimental diets contained 16% CP and 2,750 ME Kcal/kg. In order to evaluate the effects of liquid methionine (HMB) and DL-methionine (DLM), the hens were fed with one of the following three experimental diets from 34 to 46 weeks of age (Tables 1 and 2). 1) Diet without methionine supplementation (Basal diet, methionine 0.264%, TSAA 0.543%) 2) Basal diet supplemented with DLM at a level of 0.101 % (methionine 0.365 %, TSAA 0.644%) 3) Basal diet supplemented with HMB at a level of 0.115 % (bioefficacy of HMB relative to DLM was assumed to be 88%; weight/weight) Feed samples were collected and subsequently ground using a 1-mm screen in grinder. All diets were analyzed for protein, fat, calcium and total phosphorus according to the AOAC (1990) methods. Amino acids compositions of basal diet were determined using HPLC, the amino acids were separated by ion exchange chromatography and determined by reaction with ninhydrin (using photometric detection at 570 nm) according to ISO 13903: 2005(E) .
Measurements
Egg Production Performance Hen-day egg production and feed intake were recorded daily, whereas egg weight were determined 4 weeks interval (5 measurement periods), regularly in the same day of period. The hens were weighed at the beginning and final date of the experiment, gain or loss was then calculated. Egg mass was calculated by multiplying egg weight by hen-day egg production percentage. Feed conversion ratio (FCR) was calculated as gram feed consumption per day per hen divided by gram egg mass per day per hen.
Egg Quality and Characteristic During 3 days of the end of each measurement period, 24 eggs from each group were randomly taken in order to determine egg weight, egg components (percentage of egg yolk, egg albumen, eggshell, egg protein and egg fat), albu- At the end of experiment, after overnight feed deprivation (12 hours), eight hens from each group that had body weight and egg production closed to the replicate mean were chosen and collected blood from the wing vein. Serum was separated by centrifugation at 3,000 rpm for 10 minute and assayed for estradiol. Estradiol (estradiol─17ß, E 2 ) was determined by radioimmunoassay (RIA) using DPC kit (Diagnostic Products Coporation, Los Angeles, CA, USA).
Consequently, the hens were euthanized by CO 2 (asphyxiation with less than 2% atmospheric oxygen for 1.5-2.0 min) to evaluate the development of reproductive organs, and abdominal fat. The fat surrounding the gizzard was also counted to be an abdominal fat (Cabel et al., 1987) .
Statistical Analysis
Only mortality rate was analyzed by chi-square test. All other data were statistically analyzed using analysis of variance (ANOVA). The differences between the means of groups were separated by Tukey's studentized range test. Statements of statistical significance are based on P＜0.05. All statistical analyses were done in accordance with the method of Steel and Torrie (1980) .
Results and Discussion
Egg Production Performance
Egg production performances are presented in Table 3 . After 12 weeks feeding period, methionine deficiency significantly depressed body weight, while methionine supplementation in both powder and liquid forms improved body weight through elevation of feed intake (P＜0.01). Methionine (DLM and HMB) supplementation increased methionine intake, hen-day egg production, egg weight, egg mass and FCR (P＜0.01). Mortality rate (%) was not affected by methionine supplementations.
Poor production performance of poultry fed low methionine diet is generally induced by low feed intake (Harms et al., 1998; Scheideler and Elliot, 1998; Novak et al., 2004; Bunchasak and Silapasorn, 2005; Poosuwan et al., 2009) , and the lowering feed intake is caused by amino acids imbalance (Sell and Rogler, 1983; Bunchasak and Silapasorn, 2005) . Two types of imbalance may be recognized that caused by the addition of a relatively small quantity of an amino acid to a low protein diet, and by an incomplete mixing of amino acids (D' Mello, 1994) . Although Shafer et al. (1996) , Chung et al. (1998) and Novak et al. (2004) reported that dietary methionine directly improved feed intake, egg weight, egg mass and FCR, but Penz and Jensen (1991) , Keshavarz and Jackson (1992) and Summers et al. (1988) reported that methionine supplement in normal or low protein diets usually do not depress feed intake and egg size of hens. The results in our current study still suggested that insufficiency of methionine intake emphasize to depress egg production performance via reduction of feed intake due to amino acids imbalance.
In term of egg production, although the HMB supplementation (88% bioefficacy compare to DLM; weight/weight) was not significantly differed from DLM, but the production still slightly inferior to DLM supplementation group (−0.98 %). This indicates that when the hens receive TSAA 698 mg/hen/day, the bioefficacy of HMB relative to DLM on a weight base may be a bit lower than 88%. The data from several studies also indicate that average bioavailability of Journal of Poultry Science, 49 (4) 262 Basal diet LMA DLM HMB relative to DLM was around 88% on a molar basis (Harms and Russell, 1994; Liu et al., 2004a) .
Commercial laying hens require higher methionine than NRC (1994) recommendation (Liu et al., 2004a,b; Bunchasak, 2009 ). According to Cao et al. (1992) , Schutte et al. (1994) and Bunchasak and Silapasorn (2005) the requirements of methionine and TSAA for maximal egg production were around 424 to 440 and 740 to 811 mg/hen/day, respectively. Bertram et al. (1995) stated that for achieving maximum feed efficiency, a higher intake of TSAA (825 mg/ hen/day or 675 mg of true digestible TSAA) proved to be necessary than for maximum egg production, daily egg mass, and egg weight. Conversely, Novak et al. (2004) used Dekalb Delta hens to evaluated TSAA requirement and reported that dietary TSAA level for maximum egg production and feed efficiency was near 811 and 699 mg/hen/ day, but for egg weight may be closer to 779 and 877 mg/ hen/day. Recently, Joly (2008) has reevaluated methionine or TSAA requirement for commercial laying hens (ISA) were estimated to be 450 mg/hen/day and 720 mg/hen/day (90% egg production and 59.5 g of egg), respectively. In current study, average egg production was 94% and egg weight was 61 g, so exact methionine or TSAA requirement of this study should be higher than 390 mg/hen/day or 698 mg/hen/day, respectively.
Egg Component and Internal Egg Quality
Egg component and internal egg quality are presented in Table 4 . When yolk and albumen are expressed as percentage of egg weight, the significant effect of all treatments were not found, but both DLM and HMB supplementation significantly increased yolk and albumen weight in term of g/egg (P＜0.01). Haugh unit of eggs in the basal diet group was significantly higher than that in the DLM group, and the supplementation of HMB seems to improve Haugh unit. Thus, there was no significant difference between basal diet and HMB supplementation diet on Haugh unit score. DML or HMB supplementations did not significantly affect to yolk color.
Yolk and albumen weight (express as g/egg) was significantly reduced by low methionine intake, but when expressed as percentage of egg, the significant different were not found. According to Carey et al. (1991b) , Shafer et al. (1996) and Shafer et al. (1998) , egg component weight (g/egg) was increased by increasing methionine intake levels from 326 to 556 mg/hen/day, while TSAA or methionine had no effect on albumen or yolk percentages, and ratio of yolk: albumen (Carey et al., 1991b; Hussein and Harms, 1994; Novak et al., 2004) . Based on our study, the results indicated that the decrease in egg weight in the basal diet group might come from decreases in both yolk and albumen that is agreed with report by Romanoff and Romanoff (1949) , but not with report by Penz and Jensen (1991) in which decrease of egg size was mainly resulted from decrease of egg albumen. Under heat stress conditions, increment of yolk (%) and reduction of albumen (%) were observed in hens fed lowprotein diet (14% CP with 0.26% methionine) (Bunchasak and Silapasorn, 2005) . This means that percentage of egg component will be significantly changed under serious situations such as very low nutrients or heat stress. Since albumen and yolk components respond independently to nutritional changes due to unique protein synthesis mechanisms for each (Shafer et al., 1998) , further investigations about improvement of egg component under various conditions should be conducted.
Haugh unit is an indicator of internal egg quality (Williams, 1992) . Naber (1979) and Novak et al. (2004) reported that dietary supplementation of TSAA did not significantly promote internal egg quality or Haugh unit. Moreover, decreases in albumen height and serum total immunoglobulin titre with increasing dietary methionine level have been reported (Hammershoj and Kjaer, 1999; Poultry research foundation, 2000) . In present study, DLM supplementation also significantly reduced Haugh unit. In this case, methionine supplementation may reduce Haugh unit score due to bigger size of egg (increase of eggshell surface) (Solomon, 1985) , since reducing the amino acid content in diet is often considered for reducing egg weight and increasing Haugh unit. HMB supplementation seems to improve Haugh unit score; this improvement may be caused by increased acidity of HMB added diet. Accordingly, Hall and Helbacka (1959) found that supplementation of acid promoted improvement of Haugh unit. The albumen height mainly depends on amount of ovomucin content; therefore changing of albumen height may cause by several reasons such as rate of degradation of ovomucin, breaking down of disulfide bond, activity of lysozyme or changing of α-and β- Bunchasak et al. ovomucin (Stevens, 1996) .
Protein and Fat Contents in Eggs
Effects of methionine sources on dry matter, protein and fat contents in whole egg are presented in Table 5 . Although methionine supplementations (DLM and HMB) did not affect dry matter of egg, DLM clearly increased fat contents in egg (P＜0.01).
Long time ago, Frank (1950) reported that methionine was not a limiting amino acid in the synthesis of the egg proteins. However, Carey et al. (1991b) , Shafer et al. (1996) , and Novak et al. (2004) suggested that higher levels of methionine or TSAA supplementation may positively influence egg component yield, solids, and crude protein content without adversely affecting egg production, egg weight, functionality, or mortality rate. In our study, methionine supplementation positively affects to egg production, egg weight and egg mass which may caused by increase of protein synthesis via process of improvement of amino acids balance, and also increased rate of fat synthesis. It is clearly that methionine supplementation increase fat content in egg (express as % of egg and g/egg). In poultry, fat is mainly produced in the liver, then transport to ovary and accumulated in yolk. Since methionine supplementation increased lipid synthesis in the liver (Smith et al., 1983) , increased egg fat by methionine supplementation may be due to high liver fat synthesis for supporting egg production (Bunchasak and Silapasorn, 2005) . Based on results of current study, supplemental methionine seems to affect fat synthesis rather than protein synthesis.
Effect of Methionine on Liver, Ovary, Oviduct, Abdominal Fat and Estradiol in Serum
Effect of methionine on the liver, ovary and abdominal fat weights and serum estradiol level are presented in Table 6 . The liver weight seems to decrease when methionine sources were supplemented. The relative oviduct, ovary and abdominal fat weights (% of body weight) were not significantly affected by methionine supplementation. HMB supplementation significantly enhanced serum estradiol level (P ＜0.01) compared to the basal diet.
The liver weight increased with decreasing dietary protein intake (Aletor et al., 2000) , and methionine supplementation decreased the liver weight in laying hen (Bunchasak and Silapasorn, 2005) and broiler chicks . Decreasing liver size may be simply elucidated that methionine supplementation increases body weight and so decreases relative liver size expressed as % of body weight.
Deficiency of methionine depresses feed consumption, and then causes poor development of reproductive organs. Under heat stress, the reproductive organs size (ovary and oviduct; expressed as percentage of body weight) significantly decreased in hens fed low methionine and protein diet (Bunchasak and Silapasorn, 2005) . Hiramoto et al. (1990) found that insufficiency of amino acid or protein consumption or amino acids imbalance resulted in poor improvement of both ovary and oviduct of the hens due to lowering the protein synthesis. In this study, however, methionine deficiency did not impact to the size of ovary and oviduct.
In the liver, fat synthesis and accumulation are mainly induced by estrogen which synthesized in the ovary (Akiba et al., 1982) , to produce vitellogenin for egg yolk synthesis (Hillgartner et al., 1995) and support high egg production (Bunchasak and Silapasorn, 2005) . HMB supplementation significantly increased serum estrogen concentration of hens. Interestingly, HMB supplementation increase the level of estrogen higher than DLM supplementation in accordance with the results of Haugh Unit, hence estrogen may also affect on protein synthesis in the oviduct (segment of magnum) to support protein accumulation in albumen of egg. Unfortunately, the oviduct weight (% of body weight and g/hen) was not significantly affected by methionine suppleJournal of Poultry Science, 49 (4) mentation, thus the relationship among egg albumen, serum estrogen and the oviduct weight has to be confirmed in future.
Egg Shape and Egg Shell Characteristic
Egg shape, egg shell characteristic and mineral composition (Ca and P) in egg shell are presented in Table 7 . Both width and length of eggs were significantly increased by methionine supplementations (P＜0.01). However, percentage of egg shape index, egg shell volume (cm 3 ) and egg shell density (g/cm 3 ) were not significantly affected by the methionine supplementations. Shell weight (g) was significantly increased, conversely shell weight (expressed as percentage) was significantly decreased when methionine were supplemented (P＜0.01). While Egg shell thickness (mm) in the HMB group was significantly decreased when compared to that in the basal diet group. The ratio of shell weight/surface (mg/cm 2 ) tended to be reduced when methionine sources were added. Supplementation of DLM significantly increased Ca content in egg shell (g/egg shell), while HMB supplementation did not elevate the Ca content in egg shell. Neither DLM nor HMB supplementation affected to ash (%), Ca (%) or P (%, mg) content in egg shell.
Methionine supplementation increased egg size (both length and width), and egg weight was significantly related with the width (r＝0.80; p＜0.01) and the length (r＝0.72; p ＜0. 01). High protein intake increased the width of egg (Ehtesham and Chowdhury, 2002) , and Portillo et al. (2002) also reported that egg weight was closely related with egg width (r＝0.82-0.90) and the length (r＝0.70-0.78). Therefore, egg width seems to have to be more related to egg weight than the length, although egg shape index was not significantly differed. Romanoff and Romanoff (1949) suggested the best ideal egg should be 50 g weight, 4.2 cm width, 5.7 cm length and 74 egg shape index. Similarly, range of egg shape index in present study was 75.32-75.71%.
Both indirect and direct methods are used for measurement of eggshell strength. In case of indirect method, eggshell volume (Rahn et al., 1981) , eggshell density (Christensen et al., 1996) , egg shape index (Anderson et al., 2004) , ratio of egg shell weight per egg shell surface area (SWUSA) (Tyler and Geake, 1953) or eggshell thickness (Romanoff and Romanoff, 1949) are being used. In current study, increase of egg size by methionine supplementation resulted in significant decrease in eggshell thickness (HMB supplementation group) and eggshell weight (%), and tended to decrease SWUSA (P＝0.09). The tendency of negative effect of supplementing methionine supplementation (reducing eggshell thickness and eggshell weight) may be caused by an with increase in egg size, without an increase in shell production (Jackson et al., 1987; Roland, 1988; Novak et al., 2004) , since shell synthesis and development may be likely at maximal rates (Novak et al., 2004) . Therefore, strategy of reducing the methionine intake to reduce egg weight and improve eggshell quality (greater shell strength) was also reported (Jackson et al., 1987; Petersen et al., 1983) .
Eggshell quality may be improved by appropriated amount of methionine or TSAA intake. For example, when express as g/egg, eggshell weight increased when increasing the level of methionine from 330 to 450 mg/hen/day (Carey et al., 1991a) , but methionine intake of higher than 620 mg/hen/day did not provides any benefit to eggshell quality (Bunchasak and Silapasorn, 2005) . It may be possible that too high TSAA intake may negatively influence protein synthesis of shell membranes (Novak et al, 2004) , induce hypercalciurea Bunchasak et al. (Zemel, 1988) and reduce the synthesis of egg shell membrane (Roland, 1988; Novak et al., 2004) . On the other hand, when eggshell weight was expressed as percentage of egg, effect of methionine supplementation was not significantly found (Scheideler and Elliot, 1998; Bunchasak and Silapasorn, 2005; Safaa et al., 2008) . Hy-Line Management Guide (1996) reported that chickens usually deposit the same amount of shell on eggs regardless of their size; therefore, larger eggs are prone to having thinner shells and will be more likely to crack. Eggshell volume and eggshell density in current study were not significantly affected by methionine supplementation, and eggshell weight (g/egg) was significantly increased. We suggested that methionine supplementation (both DLM and HMB) may influence to the eggshell formation in several ways, and methionine intake around 390 mg/hen/d increase egg weight without any significant negative effect on eggshell quality.
